Our purpose in this study was to apply the virtual, interactive, musculoskeletal system (VIMS) 
Introduction
Graphic-based musculoskeletal models have been developed for biomechanical analysis and preoperative planning for the lower extremity ͓1,2͔ and wrist ͓3,4͔. Due to complex anatomy and large range of joint movement, few investigators have attempted to develop an acceptable shoulder musculoskeletal model. Some researchers used roentgenography and threedimensional digitization to reconstruct shoulder musculoskeletal models ͓5-7͔. However, these models were restricted to static analysis. Karlsson et al. ͓8͔ used a three-dimensional geometric model to simulate a simple movement of the shoulder and analyze the forces in the muscles and ligaments attached on the humerus. van der Helm ͓9͔ created a unique and comprehensive threedimensional finite element model for the shoulder girdle and humerus for general biomechanical analysis. This model considered the effect of muscle fiber wrapping around the bone and it was used to quantitate dynamic muscle forces. However, this model could not graphically demonstrate the joint anatomy during motion.
The moment arm of a muscle reflects its efficiency in generating or resisting joint rotation ͓10͔. Roentgenographic methods have been used to measure muscle moment arms in cadaver specimens ͓6,11,12͔, but these analyses were restricted to static analysis and simple motions. During dynamic function, the relative movement of bony segments alters muscle moment arms. Scapula motion could not be ignored when modeling shoulder girdle ͓13-15͔. Combined with kinematic data, the Virtual Interactive Musculoskeletal System ͑VIMS͒ ͓16,17͔ could provide more accurate muscle moment arm determination by taking into consideration of scapula movement while able to visualize the results graphically. The main objective of the current study was to quantify muscle moment arms about the glenohumeral ͑GH͒ joint during baseball pitching using the VIMS software by considering the effect of muscle wrapping around the bone and to relate them to the functional demands in the overhead throwing activity involved ͓18͔.
Materials and Methods
The VIMS is a graphic-based simulation software containing VIMS model, VIMS tools and VIMS lab for biomechanical musculoskeletal systems analyses ͓19͔. When it was applied to baseball pitching analysis, the VIMS model provided and displayed the shoulder anatomic graphic models using a proprietary software, VisModel® ͑EAI, Ames, IA͒. VIMS tools contained computational algorithms used to quantify muscle moment arm and Fig. 1 The functional flow chart in application VIMS software for biomechanical analysis of a human shoulder in baseball pitching. Applying VIMS-tool incorporated pitching kinematics data and the graphic model from VIMS-model software to develop a graphic-based biomechanical analysis model in study baseball pitching in the shoulder. Joint motion, kinetics results, muscle moment arm, pitching motion animation, muscle forces and joint constraint forces could be quantified. Fig. 2 The entire baseball pitching cycle is divided into five phases: the "wind up;" the "early cocking," the "late cocking," the "acceleration," and the "follow-through" phases. The junction between early and late cocking phases defines the time point of foot contact, the late cocking and the acceleration phases mark the time point of maximum shoulder external rotation, and the connection between the acceleration and the follow-through phases defines the key time point of ball release. The surface markers used to define the local reference coordinate systems "C.S.… for the pitching hand at the wrist, forearm at the elbow, upper arm at the shoulder, the trunk at the sternum and the pelvis at the lumbarsacral junction during baseball pitching. This multibody system above the pelvis including the entire pitching arm was used to facilitate kinematic analysis which were shown together with the respective coordinate axes in the insert figure. various biomechanical analyses. The VIMS lab was used to study shoulder biomechanics in a virtual environment to visualize the model and data graphically ͑Fig. 1͒.
Kinematic Data Measurement.
To obtain the kinematic data of musculoskeletal movement during baseball pitching, the pitching motion was captured using a Qualisys™ motion analysis system ͑Qualisys AB, Gutenberg, Sweden͒ at a sampling rate of 500 Hz. A college pitcher was studied in the biomechanics lab in Nobuhara Hospital, Japan. A five-segment linkage system including a pitching hand, forearm, upper arm, trunk, and pelvis was adopted for the present study. Thirteen markers attached on preselected anatomic landmarks were taken for this analysis ͑Fig. 2, Table 1͒ .
Reference Coordinate System and Shoulder Angular Rotation. In order to describe the joint motion during baseball pitching, five moving orthogonal coordinate systems ͓20͔ were defined based on the positions of the reflective markers and display it on the computer graphic model ͑Fig. 2, Table 1͒ . The humerus coordinate system is fixed to the center of the humeral head and it was used to describe the muscle line of action. The rotation of the humerus in a neutral position with respect to its x axis is define as abduction adduction, about the y axis is flexion/ extension, and about the z axis is internal/external rotation.
To quantify the shoulder motion, the humerus was rotated using a z-xЈ-zЉ Euler angle ͑two-axes system͒ rotation sequence ͓21͔. The first rotation specified as the anterior-posterior rotation, defined the elevation plane about the z axis of the humerus. The second rotation gave the humerus elevation/depression about the xЈ axis. The third rotation was considered the humerus internal/ external rotation about the zЉ axis. Since scapula motion could not be measured using skin markers, the scapula motion with respect to the trunk was adopted from the database in a passive elevation study ͓15͔. A regression analysis method was used to determine the relationship between three scapula rotational angles ͑lateral rotation, backward tilt and protraction͒, and GH joint elevation plane rotation and elevation angle. The R 2 values for the three regression equations are all above 0.95.
Musuloskeletal Model Development.
The graphic model in current study was constructed and displayed interactively using animation software, VisLab®. The three-dimensional skeleton surface model from the library of the VIMS model was used for muscle orientation and moment arm analysis during baseball pitching. This surface model was reconstructed from Computed Tomography ͑CT͒ data using "marching cubes" surface generation algorithm ͓22͔. The surface nodes provided skeleton marker position which allowed determining muscle attachment accurately.
Ten major muscles were included in this model and the muscle attachment ͑origin/insertion͒ points were determined from the Visible Human dataset ͑U.S. National Library of Medicine͒ and an existing reference which provided the anatomical description of the muscle attachment sites on the bone surface ͓23͔. For muscles with a broad attachment area, they were divided into different branches ͑the deltoid divided into anterior, middle, and posterior branches; the latissimus dorsi separated into thorax, lumbar, and iliac crest branches; the pectoralis major divided into sternal and clavicular branches͒. All attachment points were expressed as the vector relative to the joint center in its local coordinate system. With segment movement in the pitching motion, muscle attachments were fixed in the same position of the segment.
Using a straight line from origin to insertion to describe the muscle lines around the shoulder would not adequately represent the muscle path due to the complex morphology. Therefore, "intermediate points" were introduced to the constraint muscle path. In the current study, the humeral shaft was assumed to be cylinder and the humeral head was treated as a sphere. Object collision detection algorithm was used to determine when the muscle line of action was in contact with bone surface ͓24͔ and combined with the interactive graphic model to visualize the modeling muscle path. The "intermediate points" were located using the "shortest distance" concept between the origin and insertion points similar to previous studies ͓9,24,25͔. For the muscles passing through two joints such as biceps long head and triceps long head, the effect of the elbow joint structure should also be considered. The intermediate points for muscles were determined every instant of the pitching motion cycle, which allowed the muscles to move on the bone surface during joint movement. The line of action of the muscle was redirected by connecting the attachment points and the intermediate point of that muscle.
Muscle Moment Arm Determination. Vector analysis was used to determine the resultant moment arm ͑l i ͒ of each muscle and with respect to the GH joint center ͑r fun ͒ using the humerusfixed coordinate system as the rotational reference axes ͑R h ͒.
The unit vector of muscle line of action ͑ ៝ i ͒ was defined from the insertion to origin or the nearest intermediate point along the muscle path. r ៝ i is the position vector from the joint center of rotation to the muscle insertion. 
Results
The fastest pitch ͑33.5 m/s͒ among five pitches was used for the results presentation. At the end of the cocking phase, the humerus rotated externally up to a maximum value of 120°accompanied with large elevation. In the acceleration phase, the humerus changed from external rotation to internal rotation. After ball release, the follow-through phase began which involved primarily internal rotation and depression of the humerus ͓Fig. 3͑a͔͒. Based on the regression relationship between the humerus and scapula ͓15͔, scapula lateral rotation increased and reached its maximum value of approximately 22°in the late cocking phase. Retraction and backward tilting of the scapula were relatively small during the acceleration phase ͓Fig. 3͑b͔͒.
The resultant muscle moment arms and its decomposition in three functional directions are graphically presented as a continuous function of time ͑Fig. 4͒. The teres major, pectoralis major, and latissimus dorsi had the largest resultant muscle moment arm among analysis muscles. All resultant muscle moment arms are decreased at the end of the late cocking phase and then increased at the middle acceleration phase, except the middle deltoid. During the late cocking phase, the teres minor and infraspinatus were the only muscles with an external rotation moment arm. During the acceleration phase, all branches of the latissimus dorsi, sternal branch of the pectoralis major and subscapularis became the major muscles for internal rotation and this trend continued through the follow-through phase.
The middle deltoid had the largest flexion moment arm as the humerus elevated during the acceleration phase. At ball release, all branches of the latissimus dorsi had internal rotation and an extension moment arm to accentuate such action. The sternal branch of the pectoralis major functioned as a major internal rotator and adductor during the acceleration and follow-through phases. The latissimus dorsi muscle change the function from adductor to abductor and back to adductor, and both branches of the pectoralis major muscle varied from flexion to extension and back to flexion during the pitching cycle. Such a reversal function of muscle was mainly due to the large humerus motion involved.
Although the scapula movement relative to the trunk was moderate, it affected the muscle orientations significantly. The influences of the scapula motion on the muscle moment arms in the acceleration phase when the scapula motion reached to its maximum are summarized in Table 2 . The most significant effect of scapula movement on the muscle moment arm were found in the middle and posterior deltoid, biceps long head, teres major, teres minor, supraspinatus and the infraspinatus muscles.
Discussion
Since the main objective of this study was to develop a model for the subsequent biomechanical analysis of the GH joint, only those muscles with attachments on the humerus were included. This graphic based musculoskeletal model was validated in the position under roentgenography data was gathered. Other functional positions in the pitching motion were carefully inspected by an orthopaedic surgeon ͑coauthors͒ of the virtual interactive model which has the required anatomic and dimensional accuracy. Data validation in other positions only could be achieved by getting roentgenography data at every moving position. However, it would be highly infeasible. Although this model is generic in nature, it serves the purpose of providing the baseline data for the ensuing biomechanical analysis.
In the current study, our skeleton surface model was reconstructed from a CT scan which made it possible to visualize the geometric relations among the muscles and bones in baseball pitching motion. Determining an accurate musculotendon path is very important when developing the musculoskeletal model. Some investigators assumed the musculotendon path as a straight line between the origin and the insertion point ͓26͔, however, it is not matched to the realistic musculoskeletal system. More recently, three-dimensional mathematical models are provided to predict the musculotendon path ͓1,9,25͔. Delp et al. set "via points" on the fixed segment position to represent the muscle path. But this method was constrained to certain joint motion. In the van der Helm ͓9͔ and Charlton ͓25͔ study, the musculotendon path was determined by the shortest path from origin to insertion around the interfering structure such as the sphere and cylinder. The advantage of these models was easily applied in all kinds of joint motion. A similar method was applied in the current study. The graphic model showed that none of the muscle paths pass through bone or other muscles during the pitching motion after using the intermediate point approach to redirect the muscle line of action. Without graphics display, any inaccuracies are difficult to detect ͓27͔.
The trend of the muscle moment arms changes with different humerus positions are similar to those published in the literature using a different technique ͓12,28͔. However, the infraspinatus muscle was opposite to that of Kuechle et al. ͓28͔ but similar to the data produced by Otis et al. ͓12͔. In the late cocking phase, the humerus is primarily in external rotation; the infraspinatus and teres minor muscles are responsible for maintaining the shoulder in such a position to facilitate the effective overhead throwing action. The varying muscle moment arms and their functional direction changes during baseball pitching are caused by the large humerus movement, the effect of muscle fiber wrapping around bone in different shoulder positions, and partially due to their functional demands at different phases of motion. Therefore, one muscle could alter its agonistic and antagonistic function throughout the pitching cycle. The results in this study showed that the scapula motion did influence the muscle moment arms. However, the scapula rotations dataset adopted in this study which was measured in an in vitro study ͓15͔ is a little different from an in vivo study ͓14͔.
More upward rotation at a lower humeral flexion angle was reported from an in vivo study. Posterior tilting and protraction were different between the in vivo and the in vitro study in scalular plane motion only in a humerus elevated over 130°. Moreover, the effect of external loading and moving velocity in an upper extremity, and humeral internal/external rotation was not considered in our model. Therefore, the use of in vitro scapula movement data to adjust the shoulder muscle moment arm may have a significant limitation when dynamic shoulder action such as baseball pitching is involved. However, the previous in vitro data was incorporated into the model because the relationship between humeral elevation and scapular rotations was determined ranging from the coronal plane to the sagittal plane. As we know, most of the previous in vivo data were not tested in all motion planes at the same time. Further improvement could be achieved when integrated scapular rotation data is investigated.
There are other limitations in the current model for the purpose of performing a biomechanical analysis. Muscles attached to the trunk, such as the serratus anterior, trapezius, and rhomboideus may play even more important roles during baseball pitching and should be included in future study. The present study only considered the entire arm distal to the glenohumeral joint in the freebody analysis. Finally, the VIMS model was developed using a generic database with no scaling effort to represent the actual baseball pitcher which can only provide baseline information to validate the experimental technique and theoretical analysis applied.
In this study we demonstrate how the VIMS model can be used to quantify muscle moment arms during dynamic activity involving a large range of shoulder motion, while allowing graphic validation of the computational results. The technique and analysis methodology presented here can also be used to characterize shoulder joint biomechanics involved in other activities or be applied to other joints. By modeling the dynamic activities, this simulation software with its robust baseline data, versatile biomechanical analysis algorithms, and the virtual laboratory environment is intended to evaluate and optimize rehabilitation and training exercises, to screen elite athletes, and to assess injury risks in different sporting activities involving the shoulder.
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